A novel technique was recently introduced in our laboratories for the measurement of the compressive strength of single fibres, based on a modified configuration of the single fibre composite fragmentation test. In particular, the effect of the length of the embedded fibre on its compressive strength was assessed for the first time. based on Weibull statistics considerations. Moreover. during the sample manufacturing stage. a fibre can break in compression due to induced cooling stresses. rather than mechanical stresses. which can be determined from the fragmentation phenomenon. In this note. improved analyses of such compressive fragmentation effects are presented and discussed.
When single fibre composite samples are tested under tensile conditions with the fibre direction perpendicular to the tensile loading axis, the Poisson ratio effect induces a compressive strain in the fibre. This results in progressive fragmentation of the fibre, from which the fibre compressive strength can in principle be calculated as a function of fragment length I. Compressive fragmentation may also be induced in some cases when specimens are cooled during sample preparation, and this 'spontaneous' fragmentation is attributed to residual thermal stresses, which may be estimated-. The main objective of the present work is to clarify and briefly discuss the concepts and methods proposed in Refs. I and 2 for compressive fragmentation and in Ref. 3 for tensile fragmentation. First, we review and describe the effect of length on the strength (tensile or compressive) of a single fibre, based on the weakest-link concept and Weibull statistics; Following some clarifying comments on the use of such concepts in our previous work, we present an improved calculation of the residual thermal stresses induced in a carbon fibre embedded in J-Polymer following sample cooling; Finally we comment on the need, in those calculations, for an accurate value of the fibre Weibull shape parameter.
A fibre of length L may be viewed as a chain of N elementary links with unit length Lo, thus L=NL o ' If under a stress o the probability of failure of an elementary link is F(cr), it is easily seerr' that the probability of failure of a fibre of length Lunder o is FL(cr) = I -[I -F(cr)]N. This is the weakest-link theorem, which states that the longer the fibre the larger the failure probability. We will assume that the probability of failure of an elementary link is given by the Weibull distribution:
where a. is the scale parameter (and has dimensions of stress) and~is the shape parameter (no dimensions). From the weakest-link statement, it is immediately seen that the probability of failure of a fibre of length L is (2) which may be rewritten as Advanced Composites Letters F(cr) ; l -eXp{ -() ' } (3) where a L =a(LlL o )-l/l3. When L=L o the failure probability of an elementary link is obtained as a particular case. It is Eq. 3 that is widely used to fit experimental data for a set of single fibres at a given length, via its linearised form, that is, a plot of Ln[-Ln( 1-F(0»] against Ln(0), the slope of which gives the shape parameter~. From the intercept -~LnaL and the knowledge of~, one gets the scale parameter a L. [Alternatively, a L and~can be calculated by maximum likelihood estimation, or MLE, see Ref . 5] . Therefore, two separate Weibull plots for fibres of the same material but with different lengths, say L 1 and~, have (theoretically) an identical slope~but distinct scale parameters aLI and au. In other words, the shape parameter is independent of the fiber length whereas the scale parameter depends on it. The latter conclusion is particularly important because the scale parameter and the average strength of a fibre population are directly related: for two populations with lengths L 1 and L 2 , the mean strengths are>
where Tt.) is the Gamma function. Either of Eqs. 4a or 4b is the expression that we used in our previous work, in the form • From the viewpoint of dimensions, Eq. 4c seems to be wrong. In fact it is not, because the fragment length (sa) is dimensionless, similar to LIlLo above. Note that the length of the elementary link, L 07 is arbitrary and thus physically inaccessible or irrelevant. What is measured in practice are physical fibre lengths such as 10 or 500 mm, and therefore one might wonder what the units of length should really be when using Eq. 1 in Ref. 2 (for example, is it 2 em or 20 mm or 20,000 urn"), In fact, if Eq. 4c is to be used (as in Refs. 1 and 2) to calculate a fiber stress for a specific average length, Sa, the specific scale parameter for that length should be employed. Because the length dependence of the scale parameter is unknown, a slight modification of the analysis presented in Refs. I and 2 is proposed. We use two arbitrary lengths L] and~, and divide the left-and righthand sides of Eq. 4a by the corresponding sides of Eq. 4b:
(a)L2 = (L 2 J-Xi (5) (a)u L 1
When Eq. 5 is used in the compressive fragmentation test, (a)Li is the (average) compressive strength of a fibre fragment of length L, and there are no more ambiguities concerning the dimensions. In other words, with this formulation, the scale parameter of the elementary link, and its length, are not involved (and, in addition, the Gamma function is not necessary anymore). But we need to know at least one pair of values (L, (a)L)' and the Weibull shape parameter of the (compressive) strength distribution, in order to predict the size effect, that is, the compressive strength for any other length.
As an example, we reanalyze the data in Ref. 2, where we studied the effect of the thickness of a transcrystalline interfacial layer on the average fragment length at saturation, in a carbon/J-Polymer single fibre composite. Note that fibre fragmentation in this case resulted from compressive stresses induced by cooling during sample preparation. These stresses were sufficiently high to cause compressive failure of the fibre, a high-modulus pitch-based carbon fibre whose compressive stress is known to be very low. It was observed-that as the time spent at a 270°C isotherm increased, thus for increasingly thicker transcrystalline layers, the average number of fibre breaks subsequently caused by rapid quenching decreased (thus, the average fragment length increased), as seen in Table 1 . As mentioned earlier, we need to know at least one pair of values (L; (a)Li)' and the Weibull shape parameter of the carbon fibre (in compression) to predict the size effect, that is, the compressive strength for any other length. One indication we have concerns another highmodulus pitch-based fibre which was reporteds to have a compressive strength of =1.08 GPa, for a specimen having a lOmrn gauge length. Using Eq. 5 we find ( L r (a)L2 = (1.08) 1T
hus, inserting the average fragment lengths reported in Table 1 (0.1, 0.16, and 0.28 mrn), and assuming a specific value of~, one finds the corresponding average compressive strengths of the fibre, viewed as the residual thermal stresses in the fibre, in each case. Taking~= 12 as in our previous work-, we find (a L2 ) = 1.59, 1.52, and 1.46 GPa, respectively. Thus, thicker transcrystalline layers result in smaller residual thermal stresses. Note that these values are slightly smaller than those calculated in our previous work-, but the trends are similar. The higher values obtained in Ref. 2 resulted from the fact that the residual thermal stress in the fibre was calculated directly by Eq. 4c (Eq. I of Ref. 2), rather than by Eq. 5, and using a scale parameter of I GPa which was applicable to a 10,000 urn gauge length rather than to the required 100 urn length.
Finally, we report in Table 2 the residual thermal stresses after various growth times at 270°C, as calculated with several values of the fibre shape parameter for compressive strength,~. As seen, the results are quite sensitive-to the value of the shape parameter, which suggests that careful determination of this parameter is a necessary prerequisite for the use of this method. At large values of~the residual stress is relatively small and decreases slowly as the layer thickness increases. As the shape parameter value decreases, the calculated residual thermal stress increases. Moreover, for a given relatively small value of the shape parameter, the decrease in residual stress with increasing layer thickness is much more pronounced. 
